To gain new insights into the mechanism of soybean (Glycine max) resistance to the soybean cyst nematode (Heterodera glycines), we compared gene expression profiles of developing syncytia in soybean near-isogenic lines differing at Rhg1 (for resistance to Heterodera glycines), a major quantitative trait locus for resistance, by coupling laser capture microdissection with microarray analysis. Gene expression profiling revealed that 1,447 genes were differentially expressed between the two lines. Of these, 241 (16.8%) were stress-and defense-related genes. Several stress-related genes were up-regulated in the resistant line, including those encoding homologs of enzymes that lead to increased levels of reactive oxygen species and proteins associated with the unfolded protein response. These results indicate that syncytia induced in the resistant line are undergoing severe oxidative stress and imbalanced endoplasmic reticulum homeostasis, both of which likely contribute to the resistance reaction. Defenserelated genes up-regulated within syncytia of the resistant line included those predominantly involved in apoptotic cell death, the plant hypersensitive response, and salicylic acid-mediated defense signaling; many of these genes were either partially suppressed or not induced to the same level by a virulent soybean cyst nematode population for successful nematode reproduction and development on the resistant line. Our study demonstrates that a network of molecular events take place during Rhg1-mediated resistance, leading to a highly complex defense response against a root pathogen.
Soybean cyst nematode (SCN; Heterodera glycines) is the most important pathogen of soybean (Glycine max). The average bushels of soybean lost to SCN on an annual basis in the United States during 2006 to 2009 was 128.6 million bushels, and this loss was valued at $1.286 billion (Koenning and Wrather, 2010) . The success of this obligate sedentary endoparasite is solely dependent on its ability to establish a permanent feeding cell, called the syncytium, within the roots of soybean. Infective juveniles penetrate into the root and migrate toward the vasculature. Near the vasculature, each juvenile selects a single cell, which is modified to allow for the incorporation of adjacent cells through progressive cell wall dissolution to form a multinucleate syncytium. The nematode derives nutrients from the syncytium for its growth and reproduction.
The primary management practice for this pathogen is resistant soybean cultivars. Resistant cultivars have been developed by identifying SCN-resistant soybean germplasm from collections of plant introductions (PIs) and incorporating the trait through conventional breeding programs. Although several sources of resistance have been identified, only a few PIs have been used in breeding programs, due to undesirable traits associated with other resistance sources. The most predominant sources of resistance found in commercially available cultivars are derived from PI 88788, PI 54840 (Peking), and PI 437654. In all resistant cultivars, the infective juveniles are capable of penetrating into roots and can induce the formation of syncytia, but the syncytia become necrotic soon after establishment and the nematodes starve to death. Although necrosis is a common theme, the timing of necrosis and the degeneration of syncytia vary among resistant cultivars, depending on the source of resistance (Acedo et al., 1984) . For example, in Peking, syncytial collapse is observed as early as 48 h post infection (Mahalingam and Skorupska, 1996) , whereas the onset of the resistance response is much slower in PI 209332, with degeneration of the syncytia not occurring until 8 to 10 d post infection (Acedo et al., 1984) .
Despite the extensive histological studies documenting the cellular changes associated with degenerating syncytia in soybean (Endo, 1965; Riggs et al., 1973; Acedo et al., 1984) , very little is known about the molecular mechanisms underlying syncytium collapse. Research conducted in the past decade has identified a number of quantitative trait loci associated with SCN resistance (for review, see Concibido et al., 2004) in different PIs that serve as sources of resistance in breeding programs. Among these, two major quantitative trait loci are Rhg1 (for resistance to Heterodera glycines) on soybean chromosome 18 (formerly linkage group G) and Rhg4 on chromosome 8 (formerly linkage group A2). Rhg1 exhibits incomplete dominance and contributes to a significant portion of SCN resistance in most PIs tested, including PI 88788, PI 90763, PI 209332, and Peking (Concibido et al., 2004) . In addition, Rhg1 is effective against a broad spectrum of SCN populations. Rhg4 is dominant and is required for full resistance to certain SCN populations in some (e.g. Peking, PI 437654) but not all (e.g. PI 209332, PI 88788) resistant sources (Brucker et al., 2005) . Despite cytological and molecular mapping studies, the genes for SCN resistance have not been identified (Melito et al., 2010) , and the mechanism of resistance on the molecular level has yet to be fully elucidated.
Microarray analyses have been carried out to study this plant-nematode interaction. Initial studies used whole soybean roots infected with SCN to assess transcriptional changes during a compatible interaction (Khan et al., 2004; Alkharouf et al., 2006; Ithal et al., 2007a; Klink et al., 2007a) . However, due to the specialized nature of the interaction and the location of syncytia well within the root, it is very difficult to draw meaningful conclusions using whole roots to understand this pathosystem. Laser capture microdissection (LCM) of syncytial cells coupled with microarray analysis has been particularly useful in extending our understanding of the SCN-soybean interaction, as indicated by recently published studies (Klink et al., 2005; Ithal et al., 2007b) . These studies have provided new insights into the underlying molecular events occurring during syncytium development. More recently, the same technology has been applied to study incompatible SCN-soybean interactions (Klink et al., 2007b (Klink et al., , 2009 (Klink et al., , 2010 . Two studies reported on a comparative microarray analysis of soybean genes induced in response to either a virulent or an avirulent SCN population on Peking (Klink et al., 2007b (Klink et al., , 2009 ), demonstrating that soybean can differentiate between nematode populations prior to feeding cell establishment (Klink et al., 2007b) . The same group also published a microarray study that examined the transcriptional changes occurring in syncytia induced by an avirulent SCN population on PI 88788 at three time points after infection (Klink et al., 2010) . To our knowledge, there are no reports of a direct comparative analysis of syncytia gene expression profiles using near-isogenic lines (NILs) to identify transcripts regulated by specific soybean resistance genes. NILs have several advantages over PIs for comparative analyses of plant gene expression between resistant and susceptible soybean in response to SCN. Theoretically, NILs can share up to 98% of their genome, differing only in a region encompassing a trait of interest (Li et al., 2004) ; thus, NILs are powerful tools to study the effects of specific gene loci with reduced genetic background effects. Consequently, the use of NILs for molecular studies is becoming more prevalent. NILs have been used in a microarray analysis of iron-efficient and -inefficient cultivars of soybean (O'Rourke et al., 2009 ) and a wheat (Triticum aestivum) leaf rust resistance gene, Lr10 (Manickavelu et al., 2010) . NILs also recently helped to identify the effects of the Arabidopsis (Arabidopsis thaliana) gene FLC on seed germination (Chiang et al., 2009) .
To gain new insights into the cause of the aberrant syncytia development that occurs in resistant soybean in response to SCN infection, we analyzed gene expression in syncytia induced in soybean NILs differing at the Rhg1 locus (Mudge, 1999) . LCM coupled with comparative microarray profiling of syncytia isolated from the resistant NIL (NIL-R) and susceptible NIL (NIL-S) resulted in the identification of 1,447 differentially expressed genes using a false discovery rate (FDR) set at 10%. Many of the genes induced in NIL-R are soybean homologs of genes known to play important roles in disease resistance responses of other plant species to various pathogens, including canonical resistance genes (e.g. coiled-coil nucleotide-binding Leurich repeat class of receptors [CC-NB-LRR] class of receptors), genes associated with the hypersensitivelike response (HR), apoptotic cell death, the salicylic acid (SA)-mediated resistance pathway, and several transcription factors with defense-related roles. These results were validated by syncytia-specific quantitative PCR (qPCR) time-course qPCR on infected whole root pieces, and promoter-GUS reporter experiments. Our study reveals that Rhg1 mediates a complex defense response within syncytia formed in resistant soybean plants, ultimately limiting the growth and development of the nematode.
RESULTS

Response of NILs to SCN
Soybean NILs, derived from a cross between the susceptible cv Evans and the resistant PI 209332, were chosen for these studies. These NILs are predicted to share 98% of their genome, differing at the major SCN resistance locus, Rhg1 (Mudge, 1999) . NIL-S is suscep-tible and NIL-R is resistant to SCN inbred line PA3 (HG type 0). The Rhg1 allele in PI 209332 is likely similar to the Rhg1 allele in PI 88788, the source of resistance found in greater than 90% of commercially available SCN-resistant soybean cultivars. Field populations of SCN that can break PI 88788 resistance typically can break PI 209332 resistance, suggesting that these PIs share a similar type of resistance (Colgrove and Niblack, 2008) . The delayed resistance response in PI 209332 and PI 88788 is thought to be due to the absence of the Rhg4 resistance allele, which is present in Peking, a cultivar that exhibits a rapid resistance response to SCN. Our experimental system takes advantage of this slow resistance response to characterize Rhg1-mediated differences in gene expression during syncytium formation.
In laboratory inoculation assays, we studied the penetration and development of SCN and the formation of syncytia on the two NILs to identify appropriate time points for LCM analysis. Freshly hatched second-stage juveniles (J2s) were used for synchronized infection of soybean roots. Infected roots were harvested at different time points and stained with acid fuchsin to monitor the infection process. Similar numbers of nematodes were observed in both NIL-R and NIL-S at 2 d post inoculation (dpi; Fig. 1 , A and C), indicating that resistance controlled by Rhg1 does not affect penetration and migration of nematodes in soybean roots. At 10 dpi, significant differences in the development of nematodes were observed. Late fourth-stage juveniles (J4) and early adult females were observed in the NIL-S (Fig. 1B) by 10 dpi, whereas the majority of the nematodes had only advanced to third-stage juveniles (J3) and early J4 in the NIL-R (Fig. 1D) . These results are consistent with results reported by Li et al. (2004) in greenhouse bioassays using these NILs.
To assess the differences in syncytium development at a more refined level, infected root samples at 5, 8, and 10 dpi were sectioned for microscopic examination. At 5 dpi, syncytia appeared normal in both the NIL-S (Fig. 1E ) and NIL-R (Fig. 1G) . Normal syncytium development was observed at 8 dpi in NIL-S (Fig.  1F) , whereas degenerating cells both in and around developing syncytia were observed in NIL-R at 8 dpi (Fig. 1H) . The majority of the syncytia were degenerated by 10 dpi in NIL-R. Based on these observations, we chose to assay gene expression changes within syncytia at 5 and 8 dpi in the NILs.
Transcript Profiling of Syncytia in NILs
The GeneChip Soybean Genome Array (Affymetrix), which carries 37,593 probe sets representing 35,611 soybean transcripts, was used to compare the transcriptional profiles of SCN-induced syncytia in NIL-R and NIL-S. The microarray analysis was carried out using copy RNA generated from LCM syncytia at 5 and 8 dpi with SCN from either the NIL-S or NIL-R. We found no significant evidence of interaction between NIL and dpi. Thus, we focus on the main effects of NIL and report differences between NIL-S and NIL-R that are averaged over 5 and 8 dpi. This comparison of expression profiles between genotypes resulted in the identification of 1,447 differentially expressed probe sets using a FDR set at 10%. We chose a FDR of 10% as the cutoff for significance to reduce the number of type 2 errors (i.e. truly differentially expressed genes that were not declared to be significantly differentially expressed). As discussed by Nettleton (2006) , the number of type 2 errors can be quite large when FDR thresholds are kept too low. We felt that it was more important for our follow-up analyses to allow some additional type 1 errors (false discoveries) in order to reduce the number of type 2 errors.
Of the 1,447 probe sets, 828 were up-regulated (Supplemental Table S1 ) and 619 were down-regulated (Supplemental Table S2 ) in the NIL-R compared with the NIL-S. The recently released SoyBase annotation (PA3) juveniles, and the roots were acid fuschin stained at different dpi. A, NIL-S, 2 dpi. B, NIL-S, 10 dpi. C, NIL-R, 2 dpi. D, NIL-R, 10 dpi. E to H, Developmental differences between PA3-induced syncytia on NIL-S and NIL-R roots. E, NIL-S syncytium at 5 dpi. F, NIL-S syncytium at 8 dpi. G, NIL-R syncytium at 5 dpi. H, NIL-R syncytium at 8 dpi. N, Nematode; Syn, syncytia. Bars = 250 mm (A-D) and 50 mm (E-H).
(version 2) for the Affymetrix Soybean Genome Array was used to classify these genes into categories (Fig. 2) . Of the 1,447 probe sets, 355 (24.5%) correspond to genes coding for unknown proteins and/or those with no known homologs in Arabidopsis, with a confidence value cutoff (E value , 10 26 ). Two other major categories include cellular metabolism genes (306 probe sets; 21.1%) and stress-and defense-related genes (241 probe sets; 16.8%). Additional classifications include (in descending order) cellular signaling, transporters, proteolysis, transcription factors, protein sorting and transport, cell wall-related, and hormone-related genes. Probe sets that do not fit into any of these categories or fall into multiple categories are grouped as "miscellaneous" (223; 15.4%). A number of probe sets corresponding to different soybean gene models had the same Arabidopsis homologs; this is not surprising given the duplicated nature of the soybean genome (Schlueter et al., 2004 (Schlueter et al., , 2007 . These probe sets may represent homeologous genes with the same function, especially when their expression patterns fall within 61-fold difference of each other.
qPCR Validation of Microarray Data
The microarray data were validated by qPCR analysis of selected genes using RNA isolated from syncytial cells laser microdissected from the roots of NIL-R and NIL-S at 5 dpi. The genes were selected to represent those both up-and down-regulated with fold changes ranging from 27.65-fold up-regulation to 17.63-fold down-regulation in the microarray analysis (Table I) . Of the 42 genes tested, 38 genes (90.5%) showed differential expression in the same direction as that observed in the microarray experiment (Table I) . Only four probe sets that showed a down-regulation in the microarray (Gma.2139.2.S1_S_at, GmaAffx.78421.1. S1_at, GmaAffx 84808.1.S1_at, and Gma.3504.2.S1_at; Table I ) were slightly up-regulated in the qPCR analysis. Thus, overall, the qPCR results agreed with the microarray results.
A comparative qPCR analysis for these genes was also carried out using RNA isolated from syncytial cells laser microdissected from soybean roots of the NIL-R infected with a virulent SCN population (TN19; HG type 1-7) at 5 dpi. Interestingly, a comparison between qPCR results of syncytia induced in the NIL-R by the virulent and avirulent (PA3; HG type 0) SCN populations showed that the extent of up-regulation or down-regulation of 35 (85.4%) of the 41 genes tested within syncytia induced by the virulent SCN was less than that attained by the avirulent population (underlined in Table I ). These data indicate that the expression of many of these genes is either partially suppressed or not induced to the same level by the virulent SCN population for successful nematode reproduction and development on the NIL-R.
qPCR Analysis of Infected Whole Root Pieces
For purposes of microarray validation and to obtain a detailed temporal expression pattern of select differen- tially expressed genes, we conducted a qPCR analysis for three genes using RNA isolated from excised SCNinfected whole root pieces at different time points post inoculation. The NIL-R and NIL-S were mock inoculated or infected with either the avirulent (PA3) or virulent (TN19) SCN population, and root pieces were excised from infection sites at 2, 4, 6, and 8 dpi. Root pieces from 10 different roots were bulked for each sample, and total RNA was isolated for qPCR analysis. Time courses of expression were conducted for three different genes (represented by probe sets Gma.7623.1. A1_at, 87.9-fold; GmaAffx.68498.1.S1_at, 13.1-fold; and GmaAffx.46603.1.S1_at, 5.6-fold; Supplemental Table  S1 ). The expression of mock-inoculated NIL-R at each time point was set as 1. At 2 dpi, the expression of all three genes was more or less equal between treatments (Fig. 3) . However, by 4 dpi, differential expression was observed for all three genes between the NIL-S and NIL-R. Up-regulation is very clear in the case of genes highly up-regulated in the microarray (Fig. 3 , A and B) and barely detectable in the case of GmaAffx.46603.1. S1_at ( Fig. 3C ), which had the lowest fold up-regulation based on microarray analysis. This clearly illustrates the dilution effect attributed to using infected whole root pieces for gene expression analyses in this pathosystem. For Gma.7623.1.A1_at, up-regulation in the NIL-R peaks at 6 dpi ( Fig. 3A) . The pattern is similar for GmaAffx.46603.1.S1_at (Fig. 3C ). The expression pattern is slightly different for the gene represented by probe set GmaAffx.68498.1.S1_at in that the maximum up-regulation is observed at 4 dpi. These peaks in expression levels are consistent with the timing of the resistance response observed in syncytia of the NIL-R (Fig. 1) . The observed trend in expression for each gene over the time course of infection was reproducible in three independent infection experiments; however, the level of up-regulation varied among experiments. This difference can be attributed to the biological variation inherent to nematode infection experiments, where it is impossible to achieve identical rates of infection. Similar to what was observed in qPCR analyses of RNA isolated from syncytia, infection by the virulent and avirulent SCN populations results in differential upregulation of these genes. For all three genes tested, the level of up-regulation is lower in response to infection by the virulent nematode population (Fig. 3) . Additionally, in contrast to infection of the NIL-R, infection of the NIL-S with the avirulent population shows only a slight up-regulation for all three genes tested.
Promoter-GUS Expression Analysis
Promoter-GUS fusions were generated to provide further validation of the spatial expression pattern of the differentially expressed genes identified by microarray analysis and to isolate nematode-responsive soybean promoter sequences with high levels of expression within syncytia. For these experiments, primers corresponding to the 5# upstream sequences of 10 genes (Fig. 4A) , chosen from the differentially expressed microarray data set (Supplemental Table  S1 ), were designed by using the recently released Williams 82 soybean genome sequence (Schmutz et al., 2010) . Genes selected for promoter analysis were those whose expression was highly up-regulated based on our microarray analysis or genes presumed to either not be expressed or expressed weakly in roots based on expression data of Arabidopsis orthologs, because at the time we performed this experiment, we did not have reliable expression data for these genes in the roots of soybean. Promoter fragments were amplified by PCR using Williams 82 genomic DNA as a template and cloned upstream of a GUS reporter gene in the Gateway binary vector pYXT1 (Xiao et al., 2005; Fig. 4B) . Transgenic soybean hairy roots were generated in the NIL-R soybean background for each reporter construct. As a positive control, the Arabidopsis WRKY23 promoter (At2g47260) was tested in soybean; At2g47260 is induced within syncytia in Arabidopsis upon infection with the beet (Beta vulgaris) cyst nematode, Heterodera schachtii (Grunewald et al., 2008) . The transgenic hairy roots were infected with the avirulent (PA3) SCN population. The positive control and all 10 promoter-GUS lines show induced GUS gene expression at the nematode feeding sites at 5 dpi (Fig. 5) . For several promoter-GUS lines, GUS expression is observed throughout the root but further induced at nematode feeding sites (Fig. 5 , C, D, I, and J; Supplemental Fig. S1 , B and C). Several promoters have an expression pattern that is very low or more restricted to specific cell types within roots, and an up-regulation of GUS expression is clearly distinguishable at the nematode feeding sites (Fig. 5, A, B , E-H, and K; Supplemental Fig. S1, A and D) . RNA-seq expression data for each soybean gene model in uninfected roots according to Severin et al. (2010) and Libault et al. (2010) are provided in Figure 5A for comparison. Although there are some discrepancies (Fig. 5, D , G, and I), our promoter-GUS expression pattern in roots largely conforms to the RNA-seq data.
Differential Expression of Stress-and Defense-Related Genes
We specifically looked at stress-and defense-related genes to gain a better understanding of the Rhg1-associated syncytium collapse that occurs in the NIL-R in response to SCN. The differential expression of this class of genes varies from 87-fold up-regulated to 17-fold down-regulated (Tables II and III; Supplemental  Tables S1 and S2 ). Soybean orthologs of many known plant defense genes have not yet been identified; therefore, we relied on their similarity to Arabidopsis homologs. A total of 241 probe sets representing 16.8% of the total number of differentially expressed genes identified are classified in this group. These included genes involved in apoptosis and disease resistance. Several soybean genes showing high similarity to defense genes of Arabidopsis that play a role in incompatible responses to other plant pathogens were found to be differentially expressed in syncytia of the NIL-R in response to SCN (Tables II and III;  Supplemental Tables S1 and S2 ). These include a highly up-regulated AtBag6 homolog, a CC-NB-LRR gene, several heat shock protein (HSP) genes and heat shock transcription factors (HSFs), defense-related WRKY transcription factors, pathogenesis-related (PR) genes, and genes that modulate SA and jasmonic acid (JA) levels. A large number of genes involved in oxidative, drought, cold, osmotic, and salt stress responses are also differentially regulated (Tables II and  III; Supplemental Tables S1 and S2 ).
DISCUSSION
The planting of resistant soybean cultivars is the primary strategy used to manage SCN population levels in the field. Despite the widespread use of SCNresistant soybean, this pathogen still causes an estimated $1.286 billion annually in yield losses. A lack of understanding of the molecular basis of resistance to this pathogen continues to hinder progress to enhance the effectiveness and durability of natural plant resistance and enable the design of novel strategies for resistance through biotechnological approaches. Rhg1, Figure 3 . qPCR analysis of up-regulated genes in excised infected whole root pieces of resistant (NIL-R) and susceptible (NIL-S) NILs at different dpi with avirulent (PA3) or virulent (TN19) SCN. Comparison of gene expression levels was made with the NIL-R mock-infected roots (taken as 1) at the indicated time points post inoculation. A, Gma.7623.1.A1_at. B, GmaAffx.68498.1.S1_at. C, GmaAffx.46603.1.S1_at. The qPCR results are normalized to a soybean ubiquitin (accession no. D28123) endogenous control. The graph is representative of three independent experiments, and the bars represent the difference between minimum and maximum relative quantification values, which are calculated from the SD of Ct values using ABI software.
a major resistance locus in almost all SCN-resistant germplasm, is required for resistance against multiple SCN H. glycines types (Concibido et al., 2004) ; however, the molecular nature of the resistance gene underlying Rhg1 (Melito et al., 2010) and the downstream signaling and response genes mediated by Rhg1 are not known. The Rhg1 gene has been mapped to chromosome 18 and is within 0.4 cm of simple sequence repeat marker satt_309 (Cregan et al., 1999) , enabling the generation of NILs differing only at this locus (Mudge, 1999) . These NILs are useful for molecular studies to dissect the SCN-soybean incompatible interaction because of the multigenic nature of resistance. Therefore, to develop a better understanding of the molecular events associated with Rhg1-mediated resistance against SCN, we employed the use of NILs for a comparative analysis of syncytial gene expression using LCM and microarrays. These NILs have been used previously to study the effects of Rhg1 on root penetration and development of SCN (Li et al., 2004) . Although root penetration by SCN juveniles is similar between NIL-R and NIL-S, the growth, development, and fecundity of nematode females is suppressed on NIL-R (Li et al., 2004) , suggesting that Rhg1 may have a negative impact on syncytium development and maintenance. The histological characteristics of syncytia in resistant soybean cultivars to SCN infection are well documented (Ross, 1958; Endo, 1965; Riggs et al., 1973; Acedo et al., 1984) . Second-stage SCN juveniles (J2s) induce the formation of syncytia in all resistant cultivars, but syncytial collapse occurs several days later. In one type of resistance (PI 437654; Peking type), syncytial collapse is very rapid and begins to occur within 48 h of induction of the syncytium (Mahalingam and Skorupska, 1996) . The NILs used in our study, however, show a delayed type of resistance (Acedo et al., 1984; Li et al., 2004) , with notable histological changes to syncytia occurring by 8 to 10 dpi (Fig. 1) . Thus, 5-and 8-dpi time points were chosen for laser capture of syncytia to reflect gene expression prior to the onset of syncytium collapse. The comparison of syncytia gene expression between NIL-R and NIL-S by microarray analysis identified 1,447 differentially expressed probe sets. We found a high representation of stressand defense-related genes (241 probe sets representing 16.8% of the total; Fig. 2 ; Supplemental Tables S1 and S2), including genes involved in oxidative, heat, cold, salt, and drought stress. Due to space constraints, we limited our analysis to stress-and defense-related genes. A gene coding for a BCL2-associated athanogene (BAG) domain protein with highest homology to the Arabidopsis BAG6 protein (AtBAG6) is the most highly up-regulated gene in syncytia of the resistant line (87-fold; Table II ). Bag6 encodes a stress-induced calmodulin-binding BAG domain protein that is homologous to mammalian BAG proteins, which are regulators of BCL2 involved in apoptosis (Kang et al., 2006) . BAG proteins are antiapoptotic in animals; however, overexpression of AtBag6 in yeast and Arabidopsis causes cell death (Kang et al., 2006) . The increased expression of this gene in the resistant line suggests that the syncytia may be undergoing an apoptosis-like cell death response.
Several HSPs of the small HSP superfamily are upregulated in syncytia of the resistant line (Table II) . HSPs are stress-responsive proteins that have a protective function in promoting cellular stress tolerance (Wang et al., 2004) . Small HSPs bind and stabilize denatured proteins to which other high-M r HSPs act as chaperones under stress conditions. Several other HSPs, including an HSP70 homolog (Gma.11115.2. S1_at), HSP70B homolog (GmaAffx.30428.1.S1_at), HSP90.1 homolog (GmaAffx.80951.1.S1_at), and two HSFs, Hsf-A2 homolog (GmaAffx.71308.2.A1_at, 4.0-fold) and Hsf-A3 homolog (GmaAffx.19934.1.S1_at, 2.6-fold), are up-regulated in syncytia of the NIL-R. HSP90 is a highly conserved molecular chaperone rapidly induced during pathogen challenge and a variety of environmental stresses. It interacts with the R protein, RPM1 (Hubert et al., 2003) , and is required for RPS2-mediated resistance against Pseudomonas syringae pv tomato DC 3000 (avrRpt2) . HSFs are involved in a variety of environmental stresses; Hsf-A2, for example, is a key inducer of defense responses and is up-regulated during environmental stress and hydrogen peroxide treatment (Nishizawa et al., 2006) . AtBAG6 is upregulated by heat stress, and the Hsf-A2 is involved in its regulation (Nishizawa et al., 2006) .
Several genes related to endoplasmic reticulum (ER) stress were also found to be up-regulated (e.g. BZIP60 homolog [GmaAffx.3568.1.S1_at], BIP2 homolog [Gma.17631.1.S1_at], calnexin [Gma.6427.2. S1_a_at], Bax inhibitor genes [GmaAffx.1991.1.S1_at, GmaAffx.34450.1.S1_at, and GmaAffx.92919.1.S1_at], and several protein disulfide isomerases; Table II;  Supplemental Table S1 ). ER stress is a cellular condition in which unfolded proteins accumulate in the ER. Misfolding of proteins is a result of mutations, disturbances in calcium homeostasis, and the heightened need for protein folding. In order to maintain ER homeostasis under such conditions, signaling pathways are activated that are collectively known as the unfolded protein response. When ER stress is not relieved by different measures, an apoptotic cell death Figure 5 . Promoter-GUS expression in transgenic soybean hairy root lines of resistant NIL-R infected with PA3 SCN. Promoter-GUS constructs representing 10 genes up-regulated in NIL-R identified from the microarray analysis and the nematode-inducible AtWRKY23 were infected with SCN and stained for GUS expression at 5 dpi. A, AtWRKY23 (At2g47260). B, Glyma15g04570.1. C, Glyma15g06130.1. D, Glyma14g06080.1. E, Glyma09g34110.1. F, Glyma01g42500.2. G, Glyma01g42440.1. H, Glyma18g43750.1. I, Glyma18g18060.1. J, Glyma19g04410.1. K, Glyma13g35100.1. Images are representative of at least five independent hairy root lines for each promoter-GUS fusion construct. N, Nematode; Syn, syncytia. Bars = 500 mm. occurs (Urade, 2009) . Recently, it was reported that water deficit or drought leads to programmed cell death mediated by the ER stress response pathway in Arabidopsis roots (Duan et al., 2010) . Several droughtand abscisic acid (ABA)-induced genes were found to be up-regulated in syncytia of the resistant NIL. Taken together, these data suggest that multiple stress response pathways are induced by an upstream signaling event in the resistant plants during nematode infection that may ultimately lead to the activation of an HR-like programmed cell death, causing the pathogen to starve and die. It is also possible that pathogen death occurs before the syncytial HR-like programmed cell death. The HR may represent the final stages of the resistance response, where a certain threshold of defense-related responses has been reached (Morel and Dangl, 1997) . For example, the Arabidopsis dnd1 mutant expresses resistance to pathogens that otherwise induce HR in wild-type plants (Clough et al., 2000) . The production of reactive oxygen species (ROS) is a key aspect of the HR during R-mediated resistance to other pathogens (Lamb and Dixon, 1997 ). An NADPH thioredoxin reductase, similar to Arabidopsis NTRC, is up-regulated 5.8-fold (GmaAffx.92590.1.S1_at). Alternative oxidase (Gma.1439.1.S1_at, 4.2-fold; Gma.8204.1. A1_at, 3.46-fold), glutathione S-transferase (GST; Gma. 620.1.S1_at, 3.9-fold), and a gene similar to RCD1-5 involved in ROS regulation (Gma.7922.1.A1_a_at, 2.9-fold) are up-regulated. Several genes related to oxidative stress and the regulation of ROS are also down-regulated (Table III) , as are many peroxidases (Gma.5629.2.S1_a_at, Gma.5629.1.S1_at, Gma.5971.1.S1_at, GmaAffx.74124.1. S1_at, Gma.1539.1.S1_at, Gma.4919.1.S1_at, Gma.338.1. S1_at, and Gma.4189.1.S1_at, fold changes ranging from 25.4 to 21.9). Peroxidases are involved in hydrogen peroxide catabolism, and their down-regulation may suggest a positive impact on ROS generation, although, they can also generate ROS species (Passardi et al., 2004) . Other down-regulated oxidative stress genes include two NADPH quinone oxidoreductases (GmaAffx.65280.1.
A1_at, 22.57-fold; GmaAffx.90444.1.S1_s_at, 21.3-fold), glutathione peroxidase 2 and 3 homologs, and a protein disulfide isomerase-like4 (PDIL-4) that belongs to the thioredoxin family.
A gene coding for a CC-NB-LRR protein is up-regulated (Gma.1622.1.A1_s_at, 5.2-fold). The up-regulation of a MAP3K homolog (GmaAffx.48022.2.A1_at) implicates mitogen-activated protein kinase signaling in the regulation of resistance to SCN. A soybean gene encoding a protein with homology to Arabidopsis syntaxin 121 (SYP121), a secretory pathway protein with known roles in defense responses, is also induced (GmaAffx.1338.1. S1_at, 2.6-fold; GmaAffx.20155.1.S1_at, 2-fold), as are several genes involved in cold, drought, dehydration, and ABA responses (Gma.14272.1.S1_at, 11.7-fold; Gma.2044.1.S1_at, 10.8-fold; GmaAffx.68621.1.A1_at, 9.4-fold; Gma.7526.1.A1_at, 7.6-fold) and two transcription factors of the AP2/ERF family involved in drought responses (GmaAffx.29929.1.S1_at, 11.2-fold; Gma.9553. 1.A1_at, 8.1-fold). The high up-regulation of these genes may suggest new roles in HR against a biotrophic pathogen, or they are secondary physiological responses that potentiate HR.
The most highly down-regulated probe set (Gma. 5283.1.S1_at, 217.6-fold) corresponds to a gene encoding a predicted natriuretic peptide with an expansinlike domain sharing homology with AtPNP-A (Table  III) , which is involved in plant growth and homeostasis (Morse et al., 2004) . AtPNP-A is induced by SA and is expressed at higher levels in Arabidopsis mutants with increased SA levels (Meier et al., 2008) . Another highly down-regulated gene is a cyclic nucleotide-gated channel (CNGC; GmaAffx.84317.1.S1_at, 25.5 fold; Supplemental Table S4 ), which shares homology with Arabidopsis CNGC4/HLM1. Arabidopsis mutants of CNGC4/HLM1 produce a lesion-mimic phenotype and altered HR (Balague et al., 2003) .
Several PR genes are also up-regulated. A soybean osmotin (Gma.2821.1.S1_at; Table II), which is described as a salt stress-induced acidic isoform of PR-5 (Onishi et al., 2006) and has similarity to Arabidopsis osmotin 34, is up-regulated 6.4-fold. Osmotins are components of incompatible reactions against bacterial pathogens (Jia and Martin, 1999) . Another upregulated PR protein is a hevein-like protein belonging to the PR-4 family, which is up-regulated during salt stress, in response to viral infection, and in systemic acquired resistance (Potter et al., 1993) . We found a 3.5-fold up-regulation of a defensin homologous to Arabidopsis defensin PDF2.1 (GmaAffx.36259.1.S1_s_at) but a 3.5-fold down-regulation of another member of the same defensin family, PDF2.5 (Gma.4126.1.S1_at; Table III ). WRKY transcription factors are known to take part in defense responses to viral, bacterial, and fungal pathogens (Eulgem and Somssich, 2007) . Several WRKY transcription factor homologs are up-regulated in syncytia of the NIL-R (Table II) , including a homolog of AtWRKY33, a known regulator of defense pathways mediating resistance to P. syringae and fungal necrotrophic pathogens (Zheng et al., 2006 ; GmaAffx.6438.1. S1_at, 5.9-fold), an AtWRKY48 homolog (GmaAffx. 93596.1.S1_at, 2.67-fold), and a homolog of AtWRKY18, which is involved in SA-mediated defenses against viruses, bacteria, and fungi (GmaAffx.19777.1.A1_at, 1.4-fold). Interestingly, a soybean homolog of AtWRKY23 (Gma.8336.1.S1_at, 2.4-fold), which is involved in nematode feeding site establishment (Grunewald et al., 2008) , is also up-regulated. Down-regulated WRKYs (Table III) include a homolog of AtWRKY11 (GmaAffx.6478.1. S1_s_at, 22.05-fold; Gma.3504.1.S1_at, 22-fold; Gma. 3504.2.S1_a_at, 21.9-fold), a negative regulator of basal defense responses against bacterial pathogens (JournotCatalino et al., 2006) . Down-regulation of a negative regulator would lead to an enhanced defense response.
In general, the SA pathway has been shown to be activated in resistance against biotrophs and the JA pathway in resistance to necrotrophs and insects, although exceptions exist (Glazebrook, 2005; Bari and Jones, 2009 ). The SA pathway also has been implicated in resistance to the root-knot nematode in tomato (Solanum lycopersicum; Branch et al., 2004) . Here, we (Vailleau et al., 2002; Raffaele et al., 2006) , is up-regulated 3-fold. Other genes included soybean homologs of Arabidopsis NDR1 and NDR1/HIN1-like (NHL) genes, which are key signal transducers in SA-mediated signaling. NDR1 is a plasma membrane-localized protein required for disease resistance to P. syringae pv tomato DC3000 carrying avirulence genes avrRpm1, avrRpt2, avrPph3, and avrB. It is also required for resistance against avirulent isolates of the fungal pathogen Peronospora parasitica (Century et al., 1995 (Century et al., , 1997 . The requirement for resistance against a diverse group of pathogens suggests that this is a common downstream element in R gene-mediated resistance in plants. Arabidopsis ndr1 mutants have reduced ROS production and SA accumulation in response to avirulent bacteria (Shapiro and Zhang, 2001) . Conversely, overexpression of NDR1 in Arabidopsis leads to enhanced resistance to virulent P. syringae pv tomato (Coppinger et al., 2004) . NHL proteins have sequence homology to NDR1 of Arabidopsis and HIN1 of tobacco and are pathogen induced in Arabidopsis (Varet et al., 2002; Zheng et al., 2004) . NHL3 overexpression in Arabidopsis is associated with enhanced resistance to virulent strains of P. syringae (Varet et al., 2003) . We also identified homologs of Arabidopsis ACD11 (Gma.6474.1.A1_s_at, 1.7-fold) and PBS3 (Gma.3755.1.S1_at, 1.5-fold), which are involved in SAmediated defense. PBS3 (WIN3), which interacts with the P. syringae effector protein HopW1-1, is important for responses induced by several effectors in Arabidopsis. PBS3 is an important component of NDR1-dependent RPS2-mediated resistance against P. syringae pv tomato carrying avrRpt2 and also plays a role in basal resistance (Lee et al., 2007) . PBS3 is an acyl adenylase, and the Arabidopsis pbs3 mutant exhibits enhanced susceptibility to P. syringae pv tomato carrying avrPphB (Nobuta et al., 2007) . In the pbs3 mutant, induced free and conjugated SA levels are reduced. A homolog of another Arabidopsis gene related to SA accumulation, WIN1, is down-regulated in syncytia of NIL-R. Overexpression of WIN1 delays SA accumulation in response to several effectors, including HopW1-1 (Lee et al., 2008) , which indicates that WIN1 is a negative regulator. Thus, downregulation of this gene would be predicted to have a positive impact on SA levels. Previously, we found a majority of JA pathway components to be suppressed during a compatible soybean-SCN interaction (Ithal et al., 2007b) . In this study, we found a homolog of Arabidopsis lipoxygenase 1 (At-LOX1; Table II ) to be up-regulated in syncytia of the NIL-R, possibly suggesting the involvement of lipid peroxides in the resistance response. The up-regulation of soybean LOX genes is also reported in syncytia induced on Peking and PI 88788 by an avirulent population of SCN (Klink et al., 2009 (Klink et al., , 2010 . Lipoxygenases have a role in basal resistance to the root-knot nematode in maize (Zea mays; Gao et al., 2008) . Recently, mutations in AtLOX1 and silencing of a homologous gene of Capsicum annuum (CaLOX1) have been shown to increase susceptibility to diverse microbial pathogens (Hwang and Hwang, 2010) . CaLOX1-silenced plants show lowered SA and ROS levels. However, we also identified down-regulation of two soybean genes corresponding to homologs of allene oxide cyclases (AOCs) involved in JA biosynthesis and a homolog of JAR1, a protein required to convert JA to the biologically active JA-Ile. These discrepancies emphasize the need for further studies directed at silencing the genes involved in SA and JA biosynthesis and quantifying hormone levels in nematode-infected roots to clarify the role of these small molecules in SCN-induced resistance in soybean.
Here, we present evidence for the potential involvement of a complex stress-and defense-related response, including increased expression of genes involved in the production of ROS, the unfolded protein response, SAmediated signaling, and plant programmed cell death in Rhg1-mediated resistance to SCN. Involvement of almost all hormones shows an intricate network of cross talk associated with this defense response. Our study also highlights the importance of conducting a direct comparison between syncytia transcriptomes in the resistant versus susceptible NILs, using the same nematode population to identify genes potentially involved in resistance. Inadvertently, a large number of genes would be overlooked in a direct comparison of syncytia transcriptomes induced in the resistant line by an avirulent versus a virulent SCN population. Here, we demonstrate that the plant still mounts a defense response against the virulent nematode population, albeit somewhat attenuated compared with the avirulent nematode population. In contrast, the response of the susceptible line to the avirulent population is minimal.
Additionally, our study led to the identification of nematode-inducible soybean promoters, several of which have restricted expression in roots but are highly up-regulated in syncytia, which can be employed as a tool for more targeted RNA silencing experiments of soybean genes in the resistant background. Our study, together with the newly developed functional analysis tools in soybean such as virus-induced gene silencing (Zhang et al., 2009 and the recently completed soybean genome sequence (Schmutz et al., 2010) , will hasten research to understand this relatively unknown, but fascinating, belowground incompatible plant-pathogen interaction and may ultimately lead to the development of novel strategies to enhance the nematode resistance of crop plants.
MATERIALS AND METHODS
Plant and Nematode Material
Seeds of soybean (Glycine max) NIL differing at the Rhg1 locus (NIL-R and NIL-S) were derived from a cross between the resistance source PI 209332 and the susceptible cv Evans (Mudge, 1999) . The SCN (Heterodera glycines 'Ichinohe') inbred populations PA3 and TN19 were obtained from a publicly available collection at the University of Illinois at Urbana-Champaign and mass selected according to standard procedures (Niblack et al., 1993) on soybean cv Williams 82 and PI 437654, respectively. HG type tests (Niblack et al., 2002) confirmed that the PA3 population was HG type 0 and the TN19 population was HG type 1-7.
LCM
PA3-and TN19-infected root pieces (approximately 1 cm) of the NIL-R and NIL-S were excised at 5 or 8 dpi and immediately processed for LCM according to Ithal et al. (2007b) .
Microarray Hybridization, Statistical Analysis, and qPCR Validation RNA extraction, amplification, and labeling were performed according to Ithal et al. (2007b) . The samples were sent to the Iowa State University GeneChip microarray core facility for fragmentation, hybridization, staining, and scanning of the GeneChip Soybean Genome Array (Affymetrix). The logarithms of the Affymetrix MAS 5.0 signals were normalized by computing the median of the log signals on each chip and then aligning these medians to a common value. These normalized expression data were analyzed on a geneby-gene basis using the statistical computing package SAS (SAS Institute, Inc.). Each analysis was based on a randomized complete block design with three replications as blocks and the four combinations of genotype (resistant versus susceptible) and times post infection (5 and 8 dpi) as treatments. Tests for genotype main effects, dpi main effects, and genotype-by-dpi interaction were conducted for each gene. The resulting P values were converted to q values as described by Storey and Tibshirani (2003) . These q values were used to control the estimated FDR at desired levels. For example, by declaring differential expression between resistant and susceptible genotypes for all genes with q values less than or equal to 0.10, the proportion of false positives among all genes declared differentially expressed is expected to be approximately 10%. Annotations and classifications were based on the SoyBase Affymetrix GeneChip Soybean Genome Array Annotation, version 2 (http:// soybase.org/AffyChip/). Arabidopsis (Arabidopsis thaliana) unique gene identifiers (At numbers) were downloaded from The Arabidopsis Information Resource (www.arabidopsis.org) for the top hits. The microarray data are deposited in the ArrayExpress database at the European Bioinformatics Institute under accession number E-MEXP-3073. qPCR validation studies were conducted according to Ithal et al. (2007b) .
Promoter-Reporter Constructs
The promoter sequences for the genes used in the GUS reporter assays were identified and downloaded from the soybean genome database (Phytozome; www.phytozome.net). Primers (Supplemental Table S3 ) were designed to amplify an approximately 2-kb sequence immediately 5# of the ATG start site (Fig. 4B) . The promoter DNA fragments were PCR amplified using soybean cv Williams 82 genomic DNA as a template and cloned into the Gateway cloning vector pDONR-Zeo (Invitrogen). The cloned promoters were sequenced using vector-specific primers and internal sequencing primers. The correct promoter fragments were then Gateway cloned into a pYXT1 vector (Xiao et al., 2005) upstream of a GUS gene as a transcriptional fusion. The final plasmids were verified by PCR analysis and used for the transformation of Agrobacterium rhizogenes (strain K599).
Hairy Root Transformation
Hairy roots transgenic for each promoter-GUS construct were generated using the method described by Wang et al. (2007) with the following modifications. The cotyledons were excised from 9-d-old aseptically grown soybean seedlings (NIL-R or cv Williams 82) and vacuum infiltrated for 20 min with A. rhizogenes culture resuspended in quarter-strength Gamborg's salt solution (Phytotechnology Lab) 
Nematode Infection of Transgenic Hairy Roots and GUS Staining
Infective second-stage juveniles (J2) were hatched from eggs as described by Wang et al. (2007) . Nematodes were surface sterilized with sterilizing solution (0.004% [w/v] mercuric chloride, 0.004% [w/v] sodium azide, and 0.002% [v/v] Triton X-100) for 8 min followed by five washes with sterile water and resuspended in 0.1% (w/v) agarose. Hairy roots (3-4 cm) grown on MXB medium were inoculated approximately 1 cm above the root tip with 200 6 25 J2s per root in a 25-mL volume. The roots were cut and stained for GUS expression at 5 dpi. GUS staining was done according to Jefferson (1987) . Briefly, hairy roots were cut 1 to 2 cm above the infection zone and placed in GUS staining solution (100 mM Tris, pH 7.0, 50 mM NaCl, 1 mM 5-bromo-4-chloro-3-indolyl-b-glucuronic acid, 1.5 mM potassium ferricyanide, pH 7.0, and 0.06% [v/v] Triton X-100). The root tissues were vacuum infiltrated twice for 10 min each and incubated at 37°C overnight. The GUS staining reaction was stopped by replacing staining solution with 70% (v/v) ethanol. GUSstained roots were photographed with a Leica MZFLIII stereoscope (Leica Microsystems) fitted with an Optronics MagnaFire, version 2.0, camera (Optronics). Sectioning was done according to Wang et al. (2007) .
Sample Preparation for Time-Course qPCR Analysis
Infected root tissues for time-course qPCR analysis were prepared as described by Ithal et al. (2007a) , except that samples were collected at 2, 4, 6, and 8 dpi. Excised root pieces from 12 to 15 different plants were pooled for each genotype/inoculum combination. Samples were quick frozen in liquid nitrogen and stored at 280°C until RNA isolation. Nematode penetration was verified by staining the nematodes in at least five sample roots for each treatment at 24 h post inoculation as described by Ithal et al. (2007a) . Infected root tissues from three independent biological replicates were prepared.
RNA Isolation and qPCR
Total RNA was isolated from root tissues using the RNeasy plant miniprep kit (Qiagen) according to the manufacturer's instructions. First-strand cDNA synthesis was carried out using a SuperScript III first-strand synthesis kit (Invitrogen) according to the manufacturer's instructions. Real-time qPCR was carried out using an Applied Biosystems 7500 real-time PCR system. Genespecific primers (Supplemental Table S4 ) were designed using Primer Express software (Applied Biosystems). All quantitative reverse transcription-PCR was carried out in triplicate. PCR was performed using the following cycling parameters: 50°C for 2 min, 95°C for 10 min, and 40 cycles of 95°C for 15 s and 60°C for 1 min. A soybean ubiquitin gene (accession no. D28123) was used as an endogenous control. We determined by quantitative reverse transcription-PCR that expression of this gene is stable across the treatment groups in our experiment. Expression was quantified using the DDC T method in comparison with the endogenous control. Fold changes were determined relative to the NIL-R mock-inoculated sample for each time point. There were no significant expression differences between mock-treated NIL-S and NIL-R roots.
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Supplemental Figure S1 . Longitudinal cross-sections of promoter-GUSstained transgenic soybean hairy root lines in the NIL-R background infected with PA3 SCN.
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Supplemental Table S2 . Classification of down-regulated genes at FDR , 0.1.
Supplemental Table S3 . Gateway cloning primers used to generate promoter-GUS reporter fusions.
